Background: The most commonly used repair techniques to treat an acromioclavicular dislocation imply a suspension mechanism by substituting the supero-inferior oriented coracoclavicular structures with a tight rope mechanism or allograft. Recently, the importance of restoring the antero-posterior stability by addressing the acromioclavicular structures has also been demonstrated. If an in situ repair at the acromioclavicular joint itself could achieve a reposition and would be strong enough, the suspension of the CC structures might become obsolete. Possible advantages would be minimal dissection, lower risk in damaging neurovascular structures, greater stability, reduction of the surgical time and even the possibility of locoregional anesthesia. Hypothesis: In this biomechanical study, the feasibility of different in situ repair techniques is explored thereby testing both compression and translation characteristics. Our hypothesis is that an in situ repair technique results in an adequate repair for the AC joint. Methods and materials: Polyurethane foam blocks will be used as a model for the acromioclavicular joint and the repair techniques will be done by using a combination of sutures and bone anchors or using a transosseous technique. Compression will be measured by means of a Tekscan pressure sensor and translation will be tested in three orthogonal directions using a tensile testing machine. Four different knot anchor configurations (nice knot, surgical knot in two different configurations, Nicky's knot) will be tested for compression. The strongest knot anchor configuration will then be compared side to side with a transosseous configuration for translation. Results: The nice knot in combination with bone anchors provides the strongest compression. In the side to side comparison of a nice knot anchor configuration versus a transosseous nice knot configuration, the transosseous technique shows more resistance to translation. Discussion: An in situ repair by a combination of the nice knot with an anchor or a transosseous nice knot configuration can theoretically be used as a repair technique for an acromioclavicular dislocation. In comparison with existing techniques, this model shows favorable results for translation. Level of evidence: III, controlled laboratory study.
Introduction
During the last decades numerous techniques to repair an acromioclavicular (AC) dislocation have been suggested [1] [2] [3] [4] [5] [6] . Hereby the pendulum has swung from temporary transfixaton of the AC joint with K-wires or hook plates towards complex (extra-)anatomical soft tissue repair of the coracoclavicular (CC) ligaments [1, 4, 5] . These latest techniques demonstrated a restoration of the supero-inferior instability but did not provide adequate antero-posterior stability. Recently, the attention has swung back to the AC joint itself. Thereby, the crucial role of the AC capsule and AC ligaments in providing stability has recently been demonstrated [2, 3] . Up to this moment, a consensus on the optimal treatment of acromioclavicular dislocation has yet to be found [7] .
If an in situ repair of the AC joint itself could achieve a reposition of the AC joint and at the same time would be strong enough, the suspension of the CC structures might become obsolete. The possible advantages of this in situ repair are:
• only a minimal dissection is necessary;
• lower risk in damaging neurovascular structures below the coracoid process;
https://doi.org/10.1016/j.otsr.2019.11.016 1877-0568/© 2019 Elsevier Masson SAS. All rights reserved. • both supero-inferior and antero-posterior translation is addressed because of the in situ location; • easy to perform and reduction of surgical time;
• and because the surgery is superficial it might be done under locoregional anesthesia.
The aim of this study is to evaluate different stabilization techniques on an AC model thereby exploring the feasibility to apply the technique in the AC joint. More specifically, we will perform a biomechanical analysis of different knots combined with bone anchors or bone tunnels.
Our research questions are:
• Which knot provides the strongest compression in combination with bone anchors? • What are the translational characteristics and differences between a combination of a knot and bone anchors versus a combination of a knot and bone tunnels? • Do these techniques provide adequate resistance against translation and can they be used as a repair technique for an AC dislocation?
Methods

Experimental design
Two solid rigid PU foam blocks (Block 20 PCF; 1522-03; Sawbones Europe AB, Malmö, Sweden) are used as a model to simulate the acromion, the distal clavicle and the AC joint. These types of PU blocks are considered reliable in comparative biomechanical tests and have been validated in different suture anchor pullout models [8, 9] . The density of 20 PCF was selected to simulate non-osteoporotic cancellous bone [8] . The size of the PU blocks was 19 mm × 24 mm × 43 mm with the smallest surface representing the AC contact.
The first stabilization technique is a combination of different knotting techniques with a bone anchor ( Fig. 1a ). Sutures (Ti-Cron size 5, Medtronic) were passed through the eyelet of a bone anchor inserted in each PU block at 6 mm from the edge. Titanium anchors (Corkscrew Titanium 6.5 mm, Arthrex) were used, because of the very high pullout strength [10] and because the suture eyelet allows the passage of two large suture threads, a prerequisite for some of the used knotting techniques.
Within this first technique, 4 different knots were evaluated: the nice knot, the surgeon's knot in 2 different configurations and the Nicky's knot ( Fig. 2) . For a full description of the nice knot [11] and Nicky's knot [12] , we refer to the original publications. The surgeon's knot is a type of friction knot and consists of a double overhand throw on the first throw followed by alternating single throws. These knots were selected because of their relevance in open or arthroscopic surgery. The nice knot is a double stranded suture technique, therefore to be able to compare the different techniques the sutures were doubled in all combinations. All knots were tied as in a real surgical situation, hereby the sliding Nicky's knot was tied with a knot pusher.
Biomechanical compression tests
For every combination 10 samples were evaluated. Hassinger et al. and Dahl et al. predicted and found significant results using 10 samples in similar biomechanical studies evaluating different knotting techniques [13, 14] . The PU blocks were mounted in a 3Dprinted setup ( repeatability. All knots were tightened by the same surgeon with a force of 50 N measured by a digital dynamometer. The 3D-printed setup allows the insertion of a Tekscan pressure sensor (Model #4000; Tekscan Inc.; sensing area 27,9 mm × 33 mm; spatial resolution: 62.0 sensels per cm 2 ) in between the PU blocks to evaluate compression characteristics.
All sensors were preconditioned and equilibrated before calibration. A five point calibration was performed in a tensile testing machine (TTM) (LRX Plus with 5 kN load cell, Lloyd Instruments, Bognor Regis, UK) with the same PU blocks as used for the experiments. The measurement error of the sensor was determined before and after each set of 10 experiments with a TTM at three levels in the range of interest. The measurement error was 6.0 N (SD = 3.3). Fig. 4 shows a dummy measurement of the total force output of the sensor. Different parameters were derived from the sensor force output: knot time (t knot ) is the time from the first compression from the first throw of the knot to completion (t knot ), maximal compression (F max ), residual compression force on completion of the knots (F res ), knot efficiency ( knot ) calculated as
The different knot-anchor mechanisms were then ranked based on their mutual significant difference.
Next, based on the results of the first compression test, a second stabilization technique of the two PU bone blocks was performed using the strongest knot based on the ranking of the compression test. In this second technique, the sutures were passed through bone tunnels (further described as a transosseous configuration) instead of using an anchor (Fig. 1b) . The bone tunnels were created using a drill bit of 1.5 mm to allow the passage of two large suture threads, again at 6 mm from the edge. The same compression test was then performed for the transosseous configuration.
Biomechanical translation test
To analyze translation characteristics, the PU blocks were mounted in customized clamps of the TTM. A tensile test at the constant speed of 20 mm/s until failure was performed in 3 orthogonal directions ( Fig. 5a -c) for both the nice knot anchor configuration and the nice knot transosseous configuration, because the nice knot came forward as the strongest knot for compression as will be shown in the results section (cfr. infra).
The force displacement characteristic is recorded and used to derive the characteristic parameters ( Fig. 6 ). Different parameters were analyzed: translation at normal clinical loading of 70 N ( × 70N ), ultimate force before failure (F ult ), elongation at ultimate force (x ult ), maximal elongation at failure, stiffness at failure calculated as:
The translation at normal clinical loading is defined at the point where a force of 70 N is applied. This is considered to be the weight of the arm during normal physiologic movements and is therefore the load that repair techniques have to withstand in the immediate post-operative period [15] [16] [17] .
Statistics
All data was postprocessed in Matlab. Normality was checked with the Shapiro-Wilk test and the equality of variance was assessed with the Levene's test. If both normal distribution and equality of variance of the different groups could be assumed, groups were compared with one-way ANOVA. In case the normality or equality of variance assumption was violated, groups were compared with the Kruskal-Wallis test.
Results
Compression characteristics
The nice knot anchor technique shows a significant higher maximal and residual compression and is faster in comparison with the other anchor combinations (p < 0.05) (Tables 1a and 1b ). The nice knot has the highest mean efficiency but the difference is not significant with all other techniques.
The surgical knot (2) on the other hand achieved the lowest maximal and residual compression and also lowest efficiency. When looking at the knot time, the Nicky's knot takes significantly longer than the other techniques (p < 0.05), because of the use of the knot pusher. The nice knot on the other hand was the fastest technique (p < 0.05).
There was no significant difference between the nice knot anchor technique and the transosseous nice knot technique (maximal compression p = 0.63, residual compression p = 0.26, knot efficiency p = 0.10 and time p = 0.99).
Translational characteristics
When looking at the elongation at 70 N, the loop configuration shows a significant smaller supero-inferior and latero-lateral translation (p < 0.05), but a similar result for the antero-posterior translation ( Table 2) . Noteworthy is the minimal latero-lateral translation for both configurations.
The maximal force at failure is significantly higher in the transosseous nice knot configuration for latero-lateral and antero-posterior translation (p < 0.05), but not for supero-inferior translation (p = 0.092).
The elongation at failure was significantly larger in the transosseous nice knot configuration for all directions (p < 0.05). A cutting effect of the suture through the PU blocks was observed which led to slower progressive failure in comparison with the anchor where failure happened more abrupt due to breakage of the PU block or anchor pull-out. We note a higher stiffness in the anchor configuration for the supero-inferior and antero-posterior translation (p < 0.05), but not for the latero-lateral translation (p = 0.762).
Discussion
In this study, a biomechanical analysis of a new stabilization technique using a combination of sutures with a bone anchor and a bone tunnel was performed.
First, the compression was evaluated. In literature, it is not yet known what the ideal or necessary pressure should be between certain joints to achieve an adequate balance between stability and mobility. Also in the AC joint there is only limited knowledge concerning the physiologic pressure [17] , because it is very difficult to assess pressures in a healthy joint without harming tissues. When we look at the compression characteristics, the nice knot anchor configuration performs clearly the best. It results in the highest maximal and residual compression, shows good efficiency at high forces and is also the fastest technique. The residual compression is the most important factor to consider in clinical practice.
We found only one other study of Voss et al. in which they measure the pressure in cadaveric AC joints after a reconstruction with Table 1a Compression characteristics for the four knot anchor and the transosseous configurations, a ranking based on significance was calculated for the anchor configuration. 
Table 1b
Results of the statistical evaluation. Every line displays the p-value of the comparison between the two marked groups. a tight rope system, nonetheless they do not report the size of the contact between the acromion and clavicle so a comparison of the absolute pressures with our results is not possible [17] . Next, the translation was evaluated. The side to side comparison of the translation of the nice knot anchor and nice knot transosseous configuration in three orthogonal directions shows that the loop configuration is slightly more resistant to translation and reaches higher maximal forces, although the differences in the absolute values are rather small. This might be explained by the fact that there are sutures above and below the joint, which roughly doubles the contact surface between the sutures and the superior/inferior plane resulting in less initial cutting of the suture through the PU foam block in the superior and inferior plane. Furthermore, play of the sutures in the hole of the anchor might result in a larger initial displacement. On the other hand, the elongation in the transosseous configuration is larger due to the observed cutting effect.
To evaluate if these techniques might be used in the AC joint, we have to compare the results with other existing repair techniques. However, there is no consensus in the definition of clinical failure. There are studies that use translational loads of only 15 N to evaluate the impact of the AC capsule and ligaments more specifically [18, 19] . Although it might be theoretically sound, the results from these studies are impossible to transfer to practice because the weight of the arm already exceeds this force without any movement. Further, we also found a study in which clinical failure was defined as displacement of at least 15 mm [19] . To reach this kind of Table 2 Translational characteristics in three orthogonal planes with a side to side comparison of the nice knot anchor and transosseous configuration.
Supero-inferior
Antero-posterior Latero-lateral displacement, the load in our study exceeds 200 N in the nice knot in all directions and almost reaches failure. In the immediate postoperative period such forces shouldn't be exerted. And only after a period of about 6-12 weeks of healing under normal physiological loading (70 N) the tissues will again be able to withstand higher forces. In our study, we used 70 N as a physiological loading in the post-operative period, because this is considered as the weight of the arm. In a study of Mazzocca et al. they also measured the anterior, posterior and superior displacement at a load of 70 N in 3 different repair techniques for the AC joint: modified Weaver Dunn procedure, an anatomical double bundle 2-tunnel coracoclavicular reconstruction and an arthroscopic coracoclavicular sling technique. Hereby, they noted an average superior translation of 5.35 mm, 4.29 mm and 4.01 mm respectively and an average anterior translation of 13.1 mm, 7.24 mm and 8.36 mm, respectively [16] .
In another experiment, Yoo et al. measured the translation after two repair techniques: a coracoid sling technique and an arthroscopic coracoid tunnel technique, both are CC repair techniques using grafts. Their results show an anterior translation of 14 mm and 10 mm and a superior translation of 7 mm and 8 mm, respectively [20] .
In our study, we can calculate an average superior translation of 5.2 mm in the nice knot anchor and 3.0 mm in the nice knot loop configuration and an average anterior translation of 5.7 mm in the nice knot anchor and 5.5 mm in the nice knot transosseous configuration.
These results suggest that in both our repair techniques the translations are smaller and an adequate stability can be achieved while at the same time allowing for minimal translation and rotation. The transosseous technique might be a little bit stronger, is cheaper, but necessitates more dissection, it is more difficult and takes longer. The anchor configuration needs less dissection, is easier and faster and can possibly be done under locoregional anesthesia, but it is more expensive.
Although this paper uses the AC joint as a model, the presented techniques might be useful for the stabilization of other joints and also the approximation of butterfly fragments in complex fractures.
This study has several limitations. Using PU blocks has recently been accepted in literature for biomechanical tests because of the uniformity in results they provide. Nonetheless, they do not represent the anatomy of the joints completely and the influence of soft tissues is not taken into account. In the analysis, only translational but no rotational movement has been evaluated.
In addition, cyclic testing was not performed as in Dahl et al. and Burkhart et al. [13, 21] . They state that a single-pull load to failure is more clinically relevant because this force generally causes suture failure before biologic failure because of the viscoelastic nature of biologic tissues.
Conclusion
This study shows that an in situ repair technique by using a combination of the nice knot with bone anchors or with a transosseous technique can provide an adequate stabilization on an AC model with only minimal dissection.
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